This study aimed to identify ultrasound parameters reflecting subchondral porosity (Po), subchondral 25 plate thickness (Tpl), and bone volume fraction at the trabecular bone region (BV/TVTb). Sixteen 26 osteoarthritic human lateral femoral condyles were evaluated ex vivo using a 15-MHz pulsed-echo 27 ultrasound three-dimensional scanning system. The cartilage-subchondral bone (C-B) surface region 28 (layer 1) and inner subchondral bone region (layer 2) were analyzed; we newly introduced entropy 29 (ENT) and correlation (COR) of ultrasound texture parameters of the parallel (x) or perpendicular (z) 30 direction to C-B interface for this analysis. Po, Tpl, and BV/TVTb were evaluated as reference 31 measurements using micro-computed tomography. ENTL1x (ENT of layer 1, x-direction) and ENTL1z 32 were significantly correlated with Po (both r = 0.58), CORL2x with Tpl (r = -0.73), and CORL2z with 33 BV/TVTb (r = -0.66). These are efficient indicators of the characteristics of osteoarthritis-related 34 subchondral bone; the other texture parameters were not significant. 35 36 Keywords: osteoarthritis, subchondral bone, micro-CT, ultrasound, texture parameter, porosity, 37 thickness, bone volume fraction, cartilage 38 1987, Hart and Spector 1993, Yoshimura 2009), considerably decreases the quality of life 41 (Norman-Taylor, et al. 1996). The early stages of OA have been characterized by cartilage 42 degeneration, such as damage to the collagen meshwork in the superficial zone of cartilage (Han, et al. 43 2002, Poole, et al. 2002) and fibrillation of the cartilage surface (Minns, et al. 1977). However, changes 44 in subchondral bone have received increasing attention in recent years despite an early OA stage. 45 Elevated bone remodeling and subchondral bone losses have been seen in the early stages of OA in 46 humans (Bettica, et al. 2002). Thinning and increased porosity of the subchondral bone plate were 47 reported by a canine early OA model (Intema, et al. 2010). After temporal thinning, subsequent 48 thickening of the subchondral bone plate was revealed with OA progression in an animal OA model 49 (Batiste, et al. 2004, Intema, et al. 2010). When including normal to severely degenerated samples, 50 subchondral plate thickness and bone volume fraction (BV/TV) in trabecular bone were strongly 51 correlated with OA histopathological grade (Finnilä, et al. 2017). For such OA-related osteochondral 52 changes, ultrasound parameters have been investigated. Amplitude-based ultrasound parameters, such 53 as reflection coefficient (R) and integrated reflection coefficient (IRC) from the cartilage surface, were 54 sensitive to surface roughness (Chérin, et al. 1998, Kaleva, et al. 2009, Kiyan, et al. 2017, Saarakkala, 55 et al. 2006, Saarakkala, et al. 2004), collagen orientation in the superficial layer of cartilage (Kiyan, et 56 al. 2017), and enzymatic digestion of collagen (Saarakkala, et al. 2004). The wavefront is disturbed by 57 the fibrillated cartilage surface, and the acoustic impedance approaches the surrounding medium by 58 disrupting the collagen meshwork. These are assumed to lower the echo amplitude from the cartilage 59 surface. 60 For the subchondral bone, comparison of the histological evaluation and quantitative 61 4 ultrasound findings showed that IRC at the cartilage-subchondral bone (C-B) interface significantly 62 increased in the degenerated osteochondral samples (Saarakkala, et al. 2006). The apparent integral 63 backscatter (AIB) from the bone was negatively correlated with bone mineral density (BMD) of the 64 subchondral plate (Aula, et al. 2010). The AIB from the subchondral bone was also correlated with the 65 surface/volume ratio and trabecular thickness (Liukkonen, et al. 2013). Thus, several studies have 66 shown the sensitivity of IRC or AIB for determining the BMD of the subchondral bone plate or 67 histological score. However, no report has investigated the relationships between ultrasound 68 parameters and porosity at the surface of the subchondral bone plate, subchondral plate thickness, or 69 BV/TV in the trabecular region as micro-structural characteristics. Ultrasound with lower frequency 70 (less than 5 MHz) has been used to detect osteoporosis from a macroscopic point of view such as 71 (Hoffmeister, et al. 2006, Karjalainen, et al. 2009). However, focused ultrasound with high and 72 broadband frequency, leading to high resolutions, might be efficient when the aim is limited to the 73 detection of pores on the subchondral plate surface, subchondral plate thickness (Finnilä, et al. 2017, Li, 74 et al. 1999, Milz, et al. 1995, or BV/TV just beneath the subchondral plate with sub-millimeter 75 measurements. Furthermore, pores at subchondral plate surface are expected to lower the echo 76 intensity from the C-B interface locally. Internal microstructural characteristics of subchondral bone are 77 also expected to disturb the scattered intensity from the subchondral plate-bone marrow interface 78 because the subchondral plate is not a simple plane plate but complex with areas of the junction to 79 trabecular bone. Therefore, parameters that reflect the spatial distribution of echo intensity might 80 efficiently detect such microstructural changes in the subchondral bone. However, the parameters of 81 the distribution of the echo intensity for microstructural changes in the subchondral bone have not yet 82 been investigated. In addition, AIB or IRC from bone is affected by attenuation of ultrasound in 83 cartilage (Joiner, et al. 2001). Parameters that are not affected by attenuation in cartilage or thickness of 84 5 cartilage are needed to determine the microstructural characteristics of subchondral bone.
Introduction
Osteoarthritis (OA) of the knee, one of the most common locomotive diseases (Felson, et al. the full width of ߂݂ at the half-maximum Sref(f). The distribution of IRC or AIB, B(x,y,t) where tcsurf was the TOF of the echo from the saline-cartilage interface and Δt ୧୬ was the time distance 150 between the saline-cartilage interface and the center of the SOI. The variable relement was the radius of the element of the probe (3.18 mm), and zfocus was the focal length (13.8 mm). B (x,y,t) was rearranged 152 so that the detected C-B interface was in line (Fig. 2b ). Here, time axis t (Fig. 2b ) was redefined so that 153 the rising point of the echo from C-B was the origin. The rising point was set to the -10 dB point from 154 the averaged intensity in the x-direction at each y position (Fig. 2c) . B (x,y,t) was separated into two 155 layers parallel to the C-B interface as layers 1 and 2 with widths set to 0.2 µs and 0.3 µs, respectively 156 ( Fig. 2b) .
157
Spatial averaged ultrasound parameters 158 The reflection components from the C-B interface are considered the main components of 159 layer 1. The averaged intensity of layer 1 was calculated as follows:
160 ‫ܥܴܫ‬ ଵ ൌ 1 L ୶ L ୷ ඵ maxሺBሺx, y, tሻ | 0 t ൏ ΔTሻ dxdy, ሺ2ሻ 161 where Lx and Ly were the lengths of the side for the rectangle region of analysis in the x and y 162 directions, respectively, max(*| section) denotes the function that outputs the maximum value within 163 the section, and ΔT is 0.2 µs. The analyzed region was selected from the central region without 164 artifacts of the sample edge, and Lx and Ly were approximately 5 mm and 3 mm, respectively.
165
For layer 2, the averaged backscatter intensity, AIBL2, was defined as follows:
.ଶ ఓ௦ dtdxdy, ሺ3ሻ 167 IRCL1 and AIBL2 are expected to be influenced by the effect of attenuation through the cartilage. 168 Therefore, in this study, we focused on extracting the characteristics of subchondral bone without 169 influence from the overlying tissues. The degree of attenuation in the cartilage layer was considered 170 equal for both IRCL1 and AIBL2 because they were attenuated from the same sound pathway in the overlying cartilage. We introduced the difference (in dB value) of AIBL2 to IRCL1 expecting a reduced ‫ܦ‬ ଶଵ ൌ ‫ܤܫܣ‬ ଶ െ ‫ܥܴܫ‬ ଵ , ሺ4ሻ 174 In addition, the spatial averaged pulse width of B was evaluated. B (x, y, t) Texture parameters by Gray Level Co-occurrence Matrix (GLCM) (Conners, et al. 1984 , 182 Haralick, et al. 1973 were applied to extract the characteristics of subchondral bone. B, eq (1), was 183 normalized by the maximum value of each x-z 2-D cross-section and the maximum value of each layer.
184
The normalized B of each layer was converted to the gray level, Bg, with the dynamic range of 30 dB.
185
The number of gradations, Ng, was set to 256. After gradation, GLCM (P) was calculated as follows: 
203
Each texture parameter obtained from the x-z cross-sectional image was averaged in the 204 y-direction to be compared to each micro-CT parameter.
205
ENT expresses the disorder of the image and amount of information. When an image is 206 uniform, only specific combinations of two gray levels occur at a high probability, and the image 207 decreases the ENT. On the other hand, when an image is complex, and there are many combinations of 208 two gray levels, the image increases the ENT. In principle, ENT can range from 0 to 16 in an image 209 with 256 gradations. ENT was introduced to detect microstructural differences in subchondral bone.
from -1 to 1. When an image has a banded or linear pattern, the combinations of two levels tend to be 212 close and the image increases COR. When the ultrasound scans the subchondral bone, an echo band 213 parallel to the subchondral surface is observed. We expected the porosity or subchondral 214 microstructural changes to destroy the band or continuously influence the COR. 215 Theses texture parameters were analyzed with a focus on two directions: parallel (toward the 216 x-direction) and perpendicular (toward the z-direction) to the C-B interface. The distance for the 217 x-direction (Δx) was set 0.6 mm from the viewpoint of the subchondral bone microstructure and 218 acoustic field in this experimental system. Preliminarily, we analyzed the diameters of surface pore for 219 a few samples by micro-CT and confirmed that it has a maximum diameter of 0.6 mm. The distance of 220 two positions should be set to the same or greater order to detect such structures. If the two relative 221 positions are too close, such as 0.1 mm (one pixel), the texture parameters might have a lower ability to 222 detect structural changes because the gray levels between two positions are too highly correlated to 223 distinguish structural differences. In cases wherein the distance (in the x-direction) between two 224 relative positions was set to less than the beam diameter, which was 0.17 mm in this experimental 225 system, two gray levels, ‫ܤ‬ ሺm, nሻ and ‫ܤ‬ ሺm Δx, n Δzሻ, were too close, and the ranges of 226 texture parameter tend to be small. In the z-direction, the distance was set to 0.10 µs, which 227 corresponded to the half width at -15 dB maximum of B for a perfect reflector (in Fig. 1c ). Thus, 228 texture parameters were calculated in the x-direction (parallel to the C-B interface, (Δx, Δz) = (0.6 mm, 229 0 µs)) and the z-direction (perpendicular to the C-B interface, (Δx, Δz) = (0 mm, 0.10 µs)). In this study, 230 subscript x or z in the variable names of texture parameters shows the direction, whereas subscript L1 231 or L2 shows the layer number.
(SMX-100CT-SV3 Type II; Shimadzu, Japan) with a voxel size of 31 × 31 × 31 µm 3 , cone beam 235 mode，tube voltage of 45 kV, and the tube current of 42 µA. Reconstructed images were output by the 236 manufacturer provided software. The X-Y plane was defined as the plane approximately parallel to the 237 cartilage surface, and the Z-axis was defined as an axis of depth direction, the same as in Fig. 1a . First, 238 cross-sections including the artificial cut edges of samples were removed, and cuboid areas of CT 239 images were prepared. Three interfaces of air-cartilage, C-B, and backside of the subchondral plate 240 (subchondral plate-bone marrow) were detected as follows.
241
The CT images were binarized using a global threshold set to 12 % of maximum value (8 bit, 242 255) and median filter with the kernel size of (3,3) for X-Z cross-section was adopted to remove the window with the size of (15, 35) for the X-Z cross-section (Bernse 1986) ( Fig. 3b ). Positions of the 252 first 1 toward to depth direction were detected, and the outliers at pore were removed and 253 linear-interpolated to obtain the C-B interface.
254
In the detection of backside of subchondral plate, 3-D median filter with the kernel size of (3, 255 3, 3) was adopted for the rearranged and binarized images. After median filtering, the opening 256 processing of morphological operations with the kernel size of (7,7) for the X-Y cross-section was adopted to separate the junction area of the subchondral plate and trabecular bone (Fig. 3c ). The 258 backside of the subchondral plate was detected as the first negative edge (first 0) from the C-B interface.
259
The outliers were removed and linear-interpolated as the same as the processing of detection of C-B size was set to (31, 31) for X-Z plane so that both the trabecular bone and bone marrow region were 267 included. A parameter of a bias setting (k) was set to 0.5, and the dynamic range of standard deviation 268 (R) was set to 128 (i.e. 50 %) ( Fig. 3d ).
269
After segmentation, the volume and the area of each segment were calculated by volumetric All results were considered significant at a two-tailed p-value < 0.05. Fig. 4-2b ). Corresponding to these microstructural characteristics of subchondral bone, the cross-sectional echo intensity B showed qualitative differences . In sample #2, there 304 was much scattering in layer 2 ( Fig. 4-c2) , and the pulse width was larger in sample #2 (Fig. 4-d2 ) than 305 in sample #1 (Fig. 4-d1) . We expected the qualitative agreement with porosity distribution (Figs. 4-a1 , 306 4-a2) and ultrasound pulse width distribution ( Figs. 4-d1 , 4-d2) but did not observe obvious agreement.
307

Correlation coefficients between ultrasound parameters and micro-CT parameters 308
Shapiro-Wilk test showed the normality for the all parameters except PWb and CORL1x.
309
Descriptive statistics for all the parameters are shown in Table 1 .
310
For porosity in the subchondral plate, ENTL1x, ENTL1z, and ENTL2z of the texture parameters 311 significantly correlated with Po (r = 0.58, 0.58, and 0.52, respectively; Table 2 ). Partial correlations 312 between these parameters and Po also showed significance, especially in ENTL1x and ENTL2z (r = 0.58 313 and 0.57; Table 3 ).
314
For subchondral plate thickness, DL21 significantly correlated with Tpl (r = 0.64; Table 2 ). DL21 315 was also significantly correlated with Tc (r = 0.63; Table 2 ). However, the partial correlation coefficient 316 between DL21 and Tpl showed a significant correlation (r = 0.54; Table 3 ). All the texture parameters of 317 layer 1 did not show significant correlation with Tpl. Of texture parameters, only CORL2x in layer 2 was 318 significantly correlated with Tpl (r = -0.73; Table 2 ). CORL2x also showed significance in partial 319 correlation with Tpl (r = -0.69; Table 3 ). PWb had a tendency to increase with the increase in Tpl (r = 320 0.47, p = 0.07; Table 2 ). The rank correlation coefficient between PWb and Tpl was not significant(r = 321 0.33, p = 0.23; Table 3 ).
322
For BV/TVTb, all the spatial averaged parameters did not show significant correlations.
323
CORL1z and CORL2z showed a significant correlation with BV/TVTb (r = -0.58 and -0.66, respectively;
324 Table 2 ). In partial correlations, CORL2z showed significance (r = -0.60; Table 3 ) while CORL1z did not 325 show the significance (r = -0.48, p = 0.07; Table 3 ).
With Tc, the parameters of IRCL1, DL21, PWb, and CORL1z were significantly correlated (r = 327 -0.56, 0.63, 0.66 and 0.72, respectively; Table 2 ).
328
The relationship between surface degeneration and micro-CT parameters are shown in Fig. 5 .
329
Only Tpl showed a significant difference between the intact and the degenerated groups (p = 0.005; Fig.   330 5c).
331
Discussion 332 The present study revealed for the first time to our knowledge the efficiency of the ultrasound 333 parameters that reflected Po, Tpl, and BV/TVTb for normal to mild OA samples. Focusing on detecting 334 these characteristics in the superficial region of subchondral bone, we used focused and broadband 335 high-frequency (3.6-22.4 MHz) ultrasound. IRC or AIB itself was considered to be affected by 336 attenuation in the cartilage layer. Therefore, we newly introduced the DL21, PWb, and texture 337 parameters, which were relatively calculated from the intensity. We expected that they would be 338 parameters that were independent of the overlying cartilage.
339
ENTL1x and ENTL1z showed significant positive correlations with Po, although the correlation 340 coefficients were not strong (r = 0.58 and 0.58, respectively; Table 2 ). Significant partial correlation 341 coefficients between ENTL1x or ENTL1z and Po also showed less influence of Tc. Therefore, we conclude 342 that ENTL1x and ENTL1z were efficient parameters reflecting the porosity of the subchondral plate. Pores 343 at the subchondral surface locally lower the echo intensity at the C-B interface and increase the amount 344 of information in the image, resulting in an increase in the ENT. This is assumed to be the reason for 345 the positive correlations between ENTL1x or ENTL1z and Po. The reason that the correlation coefficients With Tpl, CORL2x showed significant negative correlations (r = -0.73; Table 2 ) as well as 355 negative partial correlation coefficients between CORL2x and Tpl (r = -0.69; Table 3 ). One of the main correlation between CORL2x and Tpl. In addition, the trabecular thickness at the junction is assumed to 366 increase as Tpl increases (Finnilä, et al. 2017 ). This would lower CORL2x.
367
DL21 also showed significant correlations with Tpl. Partial correlations between DL21 and Tpl 368 still showed significance although DL21 showed significant correlations with Tc. Therefore, DL21 are also 369 considered efficient parameters reflecting subchondral plate thickness. DL21 is the difference between 370 AIBL2 and IRCL1. Both AIBL2 and IRCL1 were assumed to be affected by the same amount of 371 attenuation in the cartilage. The attenuation effect was considered canceled by taking the difference (in dB value). On the other hand, PWb and Tpl did not show the significance although PWb had a tendency tendency with increase in Tpl (r = 0.43, n.s.). forwardly defined at 10 dB down from the first peak. Layers 1 and 2 were defined as the 0 -0.2 µs and 585 0.2-0.5 µs sections, respectively. The second peak, marked with the red circle, was often observed as a 586 marked feature (compared to the perfect reflector of Fig. 1c ), suggesting interference with the echo that 587 originated from the back side of the subchondral plate (Appendix 2). 
